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Abstract 
The present work represents a basic investigation on instant coffee production by vacuum belt drying. A series of 
drying experiments in a lab-scale dryer were performed varying the process parameters optimizing the product’s 
properties. Density, structure and flavor of the product were tested and compared to commercial products, which 
were produced by freeze or spray drying. It was found, that by optimized process parameters instant coffee can be 
produced, which fulfills present product requirements. Furthermore, the mass transfer throughout the drying process 
was analyzed, determining the effective diffusion coefficient by means of a thin film measurement technique. 
Additionally the sorption behavior of instant coffee was systematically investigated and could be described using a 
GAB sorption isotherm. No influence of the production process, coffee variety or temperature on the sorption 
behavior was detected. 
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1. Introduction 
Coffee is the internationally second most important merchandise with a worldwide production of about 
8.26 mio tons per year [4]. Instant coffee is an invention of the early twentieth century and nowadays it 
plays an important role besides other preparation techniques due to easy handling and longer durability. 
State of the art processes for instant coffee production are spray drying (SD) and freeze drying (FD). 
Freeze drying leads to the best product quality in terms of aroma recovery but requires a huge amount of 
investment and operating costs. Spray drying stands out due to high production capacities at low energy 
costs but it results in a higher thermal impact on the product, which may lead to lower product qualities. 
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Vacuum belt drying (VBD) is a well-established process in food technology but it has not been applied 
yet to production of soluble coffee. The application of vacuum belt drying could combine an 
economically method with a high product quality. 
The vacuum belt dryer is mostly used for drying liquid and pasty products to powder. It has proven its 
performance over many years in various applications throughout the world. The wet products are 
normally prepared in mixers or coming from evaporators. Typically these concentrates have solid 
contents of 40 to 90% and high viscosities. The vacuum belt dryer consists of a stainless steel shell with 
internally conveying belts. Residence time is adjusted by belt speed normally between 15 and 90 min 
depending on the product properties.  
 
Fig. 1. Vacuum belt dryer 
 
During the drying procedure the originally liquid feed passes through a viscous and sticky state. 
Towards the end of the drying and influenced by the steam bubbles, a dry, porous cake is formed. In order 
to achieve the required product quality heating temperature of the different zones is one of the key 
process parameters. The belts run over 3 to 4 heating zones, with temperature set points of 70 to 180°C 
and cooling zones with approximate 15 to 35 °C at the end. The cooling zone can also be used as a 
heating zone if the product does not show thermoplastic behavior  in dry condition. Additional plates for 
radiant heating can be implemented to get higher evaporation rates and to homogenize the drying process. 
The dryer vacuum system is typically designed for 5 to 40 mbar abs. [2]  
 
Nomenclature 
 
a activity 
D diffusion coefficient, [m2s-1] 
L characteristic length, [m] 
t time, [s] 
T temperature, [K] 
w mass fraction, [kgkg-1]  
Greek letters 
ȡ density, [kgm-3] 
Subscripts 
c coffee 
eff effective  
e equilibrium 
R reduced 
w water 
0 initial 
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2. Materials & Methods 
2.1 Drying experiments 
Drying experiments were performed with coffee extract on a vacuum belt dryer in laboratory scale 
(Merk process GmbH, 79725 Laufenburg, Germany). Inside the dryer the liquid extract can be dried by 
four contact heat exchanger plates beneath the belt material and three radiant heating elements, located 
over the first three heating zones. The extract was gratefully gathered from the industrial production 
process (DEK GmbH, 12347 Berlin, Germany). It was produced from 100 % Arabica coffee beans and 
had a dry matter content of 43 %. It was further concentrated in a pretreatment step to a dry matter 
content of 65 % with a thin film evaporator (Buss-SMS-Canzler GmbH, 4133 Pratteln 1, Switzerland). 
The optimal drying conditions were determined with a temperature data logger by company Ebro 
GmbH, Germany, type EBI100-T211. Starting from standard conditions for a vacuum belt drying process 
subsequently temperature settings and system pressures were changed, analyzing the product temperature 
at a height of 3 mm over the belt material. Furthermore a variation of the initial dry matter content has 
been performed. The properties of the final product were investigated and evaluated. Feeding rate and 
residence time were set individually for all experiments adjusting a uniform liquid film height and a 
product humidity of around 5 %. After each drying experiment samples were taken from each heat 
exchanger and dry matter content was investigated gravimetrically (oven at 105 °C, 16 hours). 
2.2 Flavor evaluation 
The flavor of the produced instant coffee samples was evaluated by a specialized coffee panel. 
Samples were infused to normal drinking condition. All samples were compared among each other as 
well as to instant coffee samples from industrial freeze drying, produced from the original extract, and to 
intermediates checking the single influences of process steps on product’s flavor.   
2.3 Density measurement 
Particle density and porosity as well as the bulk density of the dried products were analyzed. The 
density of the particles was determined with a helium pycnometer (micromeritics, type 1305). To prove 
reproducibility three probes of each sample were measured five times. To investigate the porosity of the 
samples the real density of finely ground product was measured additionally as described above.  
To study the microstructure samples were glued onto a specimen holder, sputtered with a 10 nm layer 
of gold assuring a good conductivity and SEM micrographs were taken (Zeiss, type Leo 1530).  
The bulk density was investigated by weighting the mass of a sample container with a defined volume 
of 88.975 ml, which was determined by calibration with demineralized water, on an analytical balance 
(Mettler Toledo, type AG245). 
2.4 Effective diffusion coefficient 
The effective diffusion coefficient was evaluated by drying a thin film of coffee extract within a 
defined surrounding. Within an oven of constant temperature at ambient pressure a recipient was placed, 
which contains a salt solution assuring a constant relative humidity within the air. A small fan assures at 
low velocities an uniform humidity distribution within the recipient. Inside the recipient a cylindrical 
sample container of aluminum to assure a good thermal conductivity with a diameter of 100 mm and a 
height of 3 mm is hung beneath an analytical balance (Mettler Toledo, EL 204 – IC) measuring online the 
evolution of the mass of the thin film of coffee extract. Additionally the surface temperature of the film is 
measured online with an infrared thermometer (Luma Sense, type IN 5). 
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2.5 Sorption isotherm 
The sorption behavior was analyzed by a static measurement using eight desiccators containing 
different super-saturated salt solutions assuring a fixed water activity within the air inside the recipient. 
The temperature dependent water activities for the different solutions are listed in table 1. Three different 
commercial instant coffee samples (a freeze dried, a spray dried and an agglomerated spray dried instant 
coffee) were analyzed checking if the production process has any influence on the sorption behavior.  The 
samples were stored within the desiccator until its mass was no longer changing (± 3 mg), than the 
humidity of the sample was investigated gravimetrically (oven at 105 °C, 16 hours). 
Table 1. Water activities over super-saturated salt solutions. [5] 
component water activity 
Lithium Chloride (LiCl) ln(aw) = 500.95/T – 3.85 
Potassium Acetate (KAc) ln(aw) = 861.39/T – 4.33 
Magnesium Chloride (MgCl2) ln(aw) = 303.35/T – 2.13 
Potassium Carbonate (K2CO3) ln(aw) = 145.00/T – 1.30 
Magnesium Nitrate (Mg(NO3)2) ln(aw) = 356.60/T – 1.82 
Sodium Nitrite (NaNO2) ln(aw) = 435.96/T – 1.88 
Sodium Chloride (NaCl) ln(aw) = 228.92/T – 1.04 
Potassium Chloride (KCl) ln(aw) = 367.58/T – 1.39 
3. Results & Discussion 
3.1 Drying experiments 
Within this study it was found, that drying at low pressures (1 – 15 mbar) leads to a series of 
drawbacks. At low pressure the coffee extract is undergoing a huge increase in volume during drying and 
the resulting porous product cake has a very low thermal conductivity. Therefore the further drying 
process is very slow. Furthermore, the final porous structure leads to a lighter, finer and glittering 
product, which is undesirable with respect to present requirements for instant coffee appearance. Higher 
system pressures ( 20 mbar), which are more typical for the vacuum belt drying process, lead to thinner 
product cakes with better heat and mass transfer properties as well as a desirable appearance.  
Furthermore it was found that higher dry matter content of the feed material is desirable for the drying 
process for two reasons: first a higher throughput and second to avoid splattering within the dryer, which 
can assure a clean food process without high cleaning demands. For coffee extract it was evidenced that 
concentrations around 65 % dry matter content can be handled easily.   
The optimised drying curve is shown in figure 2. By applying a feasible pressure ( 20 mbar) and 
using the coffee extract, which has been concentrated to a dry matter content of 65 %, the product 
temperature in the centre of the product cake could nearly be maintained beneath 50 °C throughout the 
drying process. A further reduction of the product temperature would be possible, but leads to a decreased 
process efficiency.   
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Fig. 2. Optimized drying curve 
3.2 Flavor evaluation 
The analysis of the product’s flavor could directly be related to the reduction of the product’s 
temperature. The lower the processing temperature the better is the flavor retention within the product. 
The pressure influences the flavor retention indirectly only by affecting the heat and mass transfer 
properties and thereby the product’s temperature. The comparison to the industrial product shows that the 
pretreatment of the extract to increase concentration has a negative impact on the product quality. 
3.3 Density measurement 
In figure 3 (left) the results of the density measurements are summarized. The determined value of the 
bulk density is for all three processes in the same order of magnitude. It is very important for the product 
quality, because it defines the dosing volume of the product for the customer and the amount of product, 
which needs to be filled into the jars.  
The average real densities for the vacuum belt dried coffee samples are compared with a spray dried 
and a freeze dried instant coffee sample. Additionally the averaged real density value for the coffee 
samples in finely ground form is represented. These samples have been produced from the original 
samples by grinding within a ball mill. Milling time of 2 min has been determined by a primary 
experiment analyzing the time needed, from which on a further milling does not lead to any differences in 
the particle density. Within this investigation it could be shown, that the process parameters of the 
vacuum belt drying process have only a minor influence on the particle density, which can be directly 
concluded from the deviations in all measurements preformed with all vacuum belt dried samples 
represented in figure 3 (left). It can further be seen that the vacuum belt dried sample have the highest real 
density of the particles, even higher than the freeze dried sample. The comparison of the three samples to 
the uniform powder value leads to information about the porosities of the particles. The difference 
between particle and powder value corresponds to a gas volume included and non-accessible within the 
solid. This value is very important for the product quality, as it influences the dissolution properties of the 
product.  Additionally if the real density is lower than the density of water, the product will float and 
therefore will not dissolve easily in water. 
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Fig 3. (a) Density measurement; (b) SEM micrograph (FD: freeze dried, SD: spray dried, VBD: vacuum belt dried) 
The high real density values for the vacuum belt dried particles, which are in the same order as the real 
density of the powder, indicates that during the drying process only a macroscopic bubble structure is 
formed within the porous product cake and no vapor is included within the macroscopic lamella structure. 
To prove this assumption the vacuum belt dried samples were analyzed with a SEM microscope. A 
representative image can be seen in figure 3 (right). 
Figure 3 (right) clearly affirms the assumption, that the solid phase of the vacuum belt dried samples 
does not include any micro pores or cavities. Furthermore, it can be seen, that the particles, which were 
derived by grinding the product cake of the vacuum belt drying process, have a flattish plate shape 
possessing a big surface area compared to the spray dried or freeze dried particles. The combination of 
high density and big surface area leads to extraordinary good dissolution properties of this product, which 
would even allow a cold dissolution of the product. 
3.4 Effective diffusion coefficient 
Figure 4 shows different drying curves of coffee extract from 65 % dry matter content to the 
concentration corresponding to the humidity of the surrounding air, maintained by a super-saturated salt 
solution. The final equilibrium value leads to the desorption isotherm represented in figure 6 (right). The 
drying curves were analyzed using the analytical solution according to Crank [3] as represented in 
equation 1. 
                                                             (1) 
               
As proposed by Räderer [6] the thickness of the plane sheet, L, is to be considered as 2L taking into 
account that the mass transfer only takes place at one surface. Further it is assumed that the thickness of 
the sample is not changing throughout the drying process. The real thickness is calculated using the coffee 
extract’s density as defined in equation 2 [2]. 
 
                   
                                                                                (2) 
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Fig 4. (a) Drying curve;  (b) diffusion coefficient determination 
 
In figure 4a the drying rates related to the heights of the coffee film are shown for a series of 
experiments at 50 °C under variation of the water activity of the surrounding. Even though at the 
beginning of the experiment some differences occur, it can be seen, that the drying is only determined by 
the internal mass transport, as no influence of the humidity of the surrounding gas has been found.  It was 
found, that drying proceeds very slow. Even after 80 hours a further decrease of moisture content was 
found. Therefore the reduced humidity was calculated with equilibrium values determined by static, long-
term experiments. Figure 4b shows an exemplary drying curve and the corresponding curve, determined 
by the analytical solution according to Crank. Additionally, the resulting effective diffusion coefficient is 
represented. It was found that the effective diffusion coefficient for 50 °C can be expressed by the 
relationship given in equation 3. 
 
                                                                            (3) 
 
In these calculations an average product temperature has been used, assuming the measured surface 
temperature to be the products temperature for these thin films. The parameters found for the temperature 
and concentration dependency are Ea = 48.4 kJmol-1, a = -8.6 and b = 0.28. To clarify these results further 
experiments are needed, mainly the investigation of different drying temperatures to analyze the 
temperature dependency. 
3.5 Sorption isotherm 
The measurement results related to the sorption behaviour of instant coffee at 40 and 50 °C are shown 
in figure 5 (left). No significant difference between the different instant coffees was found. The expected 
temperature influence could not be shown. For low water activities (< 0.6) nearly no difference was 
found. At high water activities the results for 40 and 50 °C differ, but also higher experimental deviations 
have to be considered. Therefore, a GAB isotherm, whose general form is given in equation 3, was 
determined for the averaged values of all measurements. 
 
                                                                                              (4) 
 
The parameters were found to be wm = 0.0495, C = 7.1965 and k = 1.0132. The parameter k is slightly 
higher than one, which is contrary to the theory of the GAB isotherm, but this set of parameters gives the 
best representation of the experimental data. In figure 5 (left) the determined GAB isotherm is 
represented as a line in comparison to the experimental data. Additionally, the comparison to literature 
data, published by Rahmann [6] for spray and freeze dried instant coffee at 20 °C, can be found. These 
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data are only available for water activities up to 0.5 or rather 0.6. This comparison approves the results of 
this investigation as the same sorption behavior was described independent of the production process. 
 
 
Fig 5. Sorption behavior of instant coffee 
Figure 5 (right) shows a comparison of the sorption behavior of instant coffee to that of green coffee 
beans [1] and ground roasted coffee [5] in the temperature range of interest. For green coffee beans the 
strongest influence of temperature on sorption behavior was found. Roasted coffee will adsorb the least 
amount of water during storage, while instant coffee is the most hygroscopic in this comparison.   
 
4. Conclusions 
A series of vacuum belt drying experiments was performed in a lab-scale dryer varying the process 
parameters optimizing the product’s properties. By minimizing the thermal impact on the product good 
flavor retention could be achieved. The temperature and concentration evolutions that have been recorded 
for different drying conditions will enable the validation of a numerical model describing the drying 
process within a vacuum belt dryer. This model will enable a further process optimization without the 
need of time-consuming experiments and will be transferable to other drying tasks on the vacuum belt 
dryer in the future.  
By density and structure analysis of the product it could be proven that instant coffee produced within 
a vacuum belt dryer fulfill the present requirements, although first impression is not the usual in the 
market today. Especially in terms of dissolution properties the product shows advantages compared to 
standard freeze or spray dried products. Additionally, the mass transfer throughout the drying process was 
analyzed, determining the effective diffusion coefficient by means of a thin film measurement technique.  
The sorption behavior of instant coffee was systematically investigated and could be described by a 
GAB sorption isotherm. No influence of production process, coffee variety or product temperature on the 
sorption behavior was detected. The recorded data are important for product storage and the description 
of drying characteristics as the sorption isotherm represents the boundary condition for the numerical 
calculation of the drying process and is therefore the basis for the further investigation. 
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